Introduction
In 1852, George Stokes introduced the word fluorescence to describe the phenomenon of 'internal reflection' -an emission of blue light -that he had observed when examining sunlit samples of the mineral fluorspar, and that Herschel, Brewster and Becquerel had described earlier when irradiating solutions of quinine salts. 1 The calcium fluorite samples Stokes examined were doped with Eu(II), and led to a blue emission; with an Yb(II) dopant, yellowgreen light is emitted. 2 These beautiful mineral samples are still being mined in upper
Weardale, County Durham in the North-East of England, and create a local link to the series of very bright, red-emitting Eu(III) complexes that are described herein.
Europium emission occurs on a millisecond timescale over the range 580 to 720 nm, and has been used for many years in a wide range of applications in the materials and biosciences, [3] [4] [5] [6] [7] from security printing in bank notes to reporters for time resolved bioassays. As the transitions between f electronic energy levels are symmetry forbidden, direct excitation of the Eu ion is very inefficient, and the 5 D 0 Eu excited state is preferably populated via a sensitisation mechanism. This process involves light absorption by a proximate chromophore, followed by intramolecular energy transfer to the Eu ion. In order that the Eu ion emits light with a high overall quantum yield in water, it needs to be efficiently shielded from the external environment, to minimize non-radiative deactivation processes, such as electron transfer or vibrational energy transfer to overtones of XH oscillators (X = O, N and C). 8 Thus, the ligand used to complex the Eu ion must be octa-or nonadentate to exclude coordinated water molecules and should encapsulate the metal ion effectively. The brightness, B, of the complex is the key parameter to maximize in this context. It is the product of the molar extinction coefficient, ε, at λ exc and the overall quantum yield for Eu emission, φ em , in the background medium used. The long-lived nature of Eu emission allows its selective detection in time-resolved measurements, avoiding the experimental complications that may occur from light scattering or interference from endogenous fluorescence. For applications in optical imaging using luminescence microscopy, probe brightness needs to be assessed with due consideration to the time-resolved measurement and the local concentration of the probe, by using the following expanded relationship for probe brightness, B', eq. 1:
When applied to cellular imaging, c is the complex loading concentration, λ is the excitation wavelength, k is the radiative rate constant for emission and η is an accumulation parameter, reflecting the amount of complex internalised. The integral has limits (t acq + t d ) and t d ; t acq is the spectroscopic integration time or microscopy acquisition time and t d is the delay time following pulsed excitation.
Design criteria for very bright europium complexes
Given that Eu(III) most commonly adopts a coordination number of nine, nonadentate ligands have been often considered and can be based on various C 3 symmetric core structures, such as acyclic triamines or triaza-macrocycles, such as triazacyclononane (9-N 3 ). The 9-N 3 macrocyclic ring is ). 7, 21, 22 The ease of ligand synthesis and of structural permutation is an important final aspect in probe design, (Scheme 1). For example, the ability to tune complex hydrophilicity and to enable linkage to targeting groups or to permit bio-conjugation are essential requirements in devising a family of complexes. The more obvious linkage points to the core structure, described above, are on the 9-N 3 ring carbon, thereby introducing a stereogenic centre, or on the peripheral aryl groups, such as via the alkoxy substituents. In the latter case, desymmetrisation of the complex requires that one of the alkynyl moieties be distinguished from the other two. In this regard, the intermediacy of mono-BOC-9-N 3 permits selective dialkylation and allows differentiation of the third chromophore group.
23

Structural Analysis of Europium Complexes in C 3 Symmetry
The structures of the parent Eu complexes, [Eu.L [1] [2] [3] ], have been determined by X-ray crystallography, ( Figure 1 ); in each case an isostructural series was defined across the whole 4f block series.
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Figure 1 Views from below, into the 9-N 3 ring for the C 3 symmetric X-ray structures of
] (i.e the R−Λ−δδδ isomer); lower S-∆-(λλλ)-[EuL 3 ] 3+ (left) and R-Λ-(δδδ)-[EuL
3
] 3+ (right) (120 K) (CCDC numbers: 206375-8; 836097-102; 965909-11) [24] [25] [26] [27] In these structures, the europium ion adopts a tricapped trigonal prismatic geometry, and the The very high stereoselectivity (>97%) observed in complex formation for the ring Csubstituted series of triazacyclononane complexes was rationalised by considering the X-ray structure of the para-bromo derivative, [Eu.L 4 ]. The enantiomer shown (Fig. 2) has an S configuration at phosphorus and the complex helicity is Δ (or P). The ∆ configuration was shown by CPL and CD studies to be formed in complexes with an R-stereogenic centre at the ring carbon. In this case, the pro-R hydrogen atom, which is the site where the ring substituent would reside, is in one of two pseudo-equatorial positions (Fig. 2a) . To minimize steric repulsion, the most likely site occupied by the C-substituent is that directed away from the three pyridyl arms (Fig. 2b) , consistent with substitution of a corner (rather than a side) carbon atom (Fig. 2c) .
The structure of the p-methoxyphenyl-alkynyl-pyridyl complex, [Eu. L 5 ] has been reported. 23, In this case the complex was slightly distorted from C 3 symmetry, and the phosphorus phenyl substituents were directed away from the plane of the 9-N 3 ring to create a significant steric barrier ( Figure 3 ). In agreement with this observation, the emission lifetime of the Eu(III) ion in [Eu.L 5 ] was 30% longer compared to the carboxylate analogue in water, 21 consistent with reduced local quenching by closely diffusing waters and an increased complex rigidity. 
Photophysical properties of europium complexes
The emission spectral form of the parent complexes, [Eu.L , (Figure 4 ).
With the extended alkynyl-aryl complexes, the nature of the P substituent (Me vs Ph) does not change the spectral form significantly (Fig. 4 C vs D Europium complexes of varying charge and hydrophilicity (Table 1) . 
Cellular optical imaging
The neutral and cationic Eu complexes ( Figure 7 ) are taken into mammalian cells quite efficiently by macropinocytosis 12, 23 , a process that is promoted by addition of phorbol esters and inhibited by amiloride and wortmannin. 39 Macropinocytosis is a form of endocytosis that leads to the formation of leaky macropinosomes of irregular size and shape, the contents of which are readily released into the cytoplasm. This pathway is an attractive means for delivery of the luminescent complexes into the cell, as the complexes can readily escape from the macropinosome, allowing vesicular trafficking to other compartments. The intracellular localization profile of the complexes shown above (Fig. 7) ) were identified. A consequence of the high brightness of the probes is that there is sufficient signal to permit rapid acquisition of both the Eu spectral image and the lifetime of the complex internalized inside the cell.
Such studies using time-resolved CCD detection allow the speciation of the Eu complex to be identified; in the majority of cases these reveal the same spectral fingerprint and lifetime to that measured in vitro. Such experiments confirm the integrity of the probe when localised inside the cell, (Figure 8 ) and an absence of change in lifetime confirms resistance to excited state quenching by endogenous electron rich species, such as protein Tyr residues, urate, ascorbate or other reducing agents.
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. Figure Figure 8 ), even shorter UV exposure times occur.
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Examples of responsive probes have also been defined, based on these very bright complexes, in which the Eu spectral fingerprint and lifetime is a sensitive and selective function of local pH or ionic composition. 30, 35, 43, 44 For example, the reversible intramolecular ligation of the
] is a function of pH. This complex localizes well to the endoplasmic reticulum, an organelle that is in equilibrium with the cytosol, so the pH is equivalent. Careful calibration studies allowed the ratio of two Eu emission bands or the modulation of the emission lifetime to signal pH variation ( Figure 9 ). 44 Related examples can be imagined, based on reversible anion binding to the Eu centre, 43 provided that the probe is able to target the organelle of interest selectively. ] (pK a = 7.15 ±0.05), when the probe is localized in the endoplasmic reticulum of mouse skin fibroblasts (NIH-3T3 cells). 44 
Bioassays based on FRET
The uptake of Eu complexes into cells by macropinocytosis is a disadvantage if you want to develop assays for membrane bound proteins, such as the ubiquitous G-protein coupled receptors. 45 A non-specific signal is generated due either to the probe sticking at or entering the cell membrane or via binding to immature proteins within the cytosol. 4a Bio-conjugates of very water-soluble europium complexes are needed that cannot enter or adhere to cells, at concentrations of less than 1 µM. The cell membrane consists primarily of negatively charged phospholipids, so that several series of 9-N 3 based complexes have been devised that are highly water soluble and negatively charged at physiological pH ( Figure 5 above). 33 Any interaction with the cell membrane is suppressed by repulsive electrostatic interactions.
Furthermore, the hydrophilic nature of the integral sulphonate and carboxylate groups masks the inherent hydrophobic nature of the three aryl-alkynyl groups, as these are the likely entities that engage in non-specific protein or membrane binding.
In one example, three europium complexes, [Eu.L ], whereas in the other two cases, non-specific labeling was negligible. Such behaviour paved the way for TR-FRET ligand binding assays using a fluorescent agonist (λ em 665 nm) of the CCK receptor, that serves as an acceptor for the long-lived emission from the Eu donor, both on a plate reader and using TR-FRET microscopy. 33 
Figure 10
Retrosynthetic strategy to Eu complexes for a 'SNAP-tagged' receptor binding assay. The series of amphipathic complexes are efficiently taken into many mammalian cells by macropinocytosis, are non-toxic and localise selectively in certain organelles, allowing them to function as selective stains for live-cell imaging studies. By introducing peripheral anionic groups on the rod-like chromophore moieties, non-specific cell uptake is inhibited so that various conjugates can be devised to aid the development of new organelle-targeted cellular stains and probes or allow new series of bioassays to be undertaken.
Evidently, the future is bright for such rare earth complexes; Sir George Stokes would most probably have approved.
